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cosimology

early universe cosmological models can be tested with very
accurate astrophysical data, while high energy expertments
(LHC) will test some of the theoretical pillars of these wmodels

cosmological models have been budlt upow:

" string theory

" LRG, ST, Wodw/, CDT, CS, ...

" noncommutative geonnetry spectral action




part’wte Phgs’ws

Laws of physics at low energies:

depends on geometr dependls on internal symmmetries

of manifola (./\/l, g of @ gauge group (G

GR Ls governed by gaunge symmetries are based
ditfeomorphism tnvariance ow local gauoe nvariance

(outer automorphisim) (bner automorphism)

the difrerence between these two kinds of syymmetries is responsible for
not finding a unified theory of all interactions including gravity
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SM of electrowenk and strong tnteractions:

a phenomenological wmodel, which dictates geometry of space-time,
so that the maxwell-dirac action functional produces the SM

a geometric space defined by the product M x F of a

contlnuum compact riemannian manifolo M and a tiny
discrete finite noncommutative space J composed of 2 polints

the geometry is the tensor product of an internal geometryy for
the SM and a continuous geometry) for space-time




NCG approach Ls based on 2 ansatz:

[.at some energy level, ST is the product M X F of a continuous
4dim manifold M times a discrete noncommutative space JF

associative algebra self-adjoint operator in ‘H

complex Hilbert space carrying
a representation of the algebrn




= the fermions of the SM provide the hilbert space H ofa
spectral triple for the algebra A

" the bosons of the SM (including the higgs boson) ave
obtatned through tnner fluctuations of the dirac operator of the

product M x F oeometry




algebra of :
quaternions algebra of complex k x k matrices

chamsedding connes (2007#)




fixes the energy scale

cut-off function

physical dim of a mass; no absolute
scale on whteh theg can be measured




for 4dim riemannian geometry, the asymeptotic expansion of the
trace in terms of the geometrical seeley de witt coefficlents is:

\ )) ~ 2A% fyao + 2A° foaz + foas +A f—2kCaq2k + -

the smooth even function £, which decays fast at tnfinity, only
enters at the multiplicative factors:

o0
/ f(u) u3du
J0O
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sinee £ ls a cut-off function, tts taylor expansion at zero
vanishes, so the asymptotic expansion of the trace veduces to:

J plays a vole through tts momenta Jos fo, 4

these 2 additional real parameters are phgsicattg
velated to the couquLw@ constants at unification, the
oravitational constant, and the cosmological constant




the full lagrangian of SM, minbmally coupled to gravity in
ewclidean form, Ls pbtainedas the asywmeptotic expansion (in
inverse powers of A ) of the spectral action for the product ST

chamsedding connes, marcolli (2005)

- the discussion of phenomenological aspects of the
: theory relies on a wick votation to maginary time




Lsy = — Gugpdvgﬂ
lé‘uZU@uZU ° JI?Z

W, d,,IT'+) + ZU(II'+d,,

Js f&.bcaﬂgggzgﬁ . _193 fabc‘fadegigﬁgggg (*:)VII?—F(‘)U Il[’— JIQI{’;— IT’”— _
UZU — ldjuflpd A, — zgcu,(d,,ZU(WHLHT_ — HHLH’ ) — U(I-‘T'"'HL@,,T-*V_
U' — W0, W +)) — agbu(d,,:lﬂ(ﬂ'jLH'_ W +H’ ) — A,,(HHLC?VU'_

H* W) + A (WHD, W — W0, Wih)) — QH'ﬂr—u’ﬂr— + 1g QH’ﬂr—n’ﬂr— +
(ZUI‘[’+ZUII’ —Z0ZOW, V) 4282 (A, H'+A,,H’— AL AW )+ggswcw(ApZS(I-"[f’JI—-"‘[--"Ij—
W, +H'—) 24, ZUH-"WLH’_ — Lo, Ha, H — 2020 H? — D+, — 19,009,¢°

.,3;3 (a‘g[; + ﬂI{ + = (H2 + VY + 20 )) -+ Q‘;iah — gap M (HJ + HHY + 2H(5+(r}_) —

g
g avp (H“l —{— (()U)“L -+
Mz zom

—l(() o) )2+—l(()0)2() T —I——lHQ() > +2((}U)2H2) Jf“y_'_ﬂ' H —
— —zg (H _'_(()0() dT — OO ()U) — W (()Ud () — ()+() ()U))

%g (T-'{"’T_F(Hap(r} — T H) + W (Hd,u,() — (¢)+d,uH)) Qgclw (Z)S(Hdpqg — (_;)Ud H) -+

:'t_[( 1 Zodpr)UjLudrdp() +”77(),u()+) —zg

2 MZYW,F o — W, ot +igswMA, (W, o™ — W, oT) —

950 the NCG spectral action offers an elegant geometric o) —

Cow M
g2 (22, C1)Z0A, 6%
-m,{})r/)‘ - ﬂj‘( D+ )'u
T ZH (P (1 + )V’\)
)} +

ig r
2\/_1’[
ig HT

2027
rrient
b~ (mA(EUler| (

59?;)\()0(1/ J/)‘)
ig

o2

211\/_

ig
2M2

wx,terpre’catwm of the SM

I - - o ' : (IEII)_'_) —

h sZ AL AT —|— —zgh (q q7 )95 — N~ + -m.é‘)e)‘_— N~ +
dj‘(wd + md)d* tigew Ay (- (e*““e*) + F(@dy"uy) — g(dyyid})) +

(P S2 — 1 229N b (D352 — 1 — o)) + (@i (1 — 32, +

"’»\_jf_u'jL ((;A,\p(l ~ )[*Eep)\ Eh)+(,uj\,.‘,u,(l_'_,}f,d)(/_‘\')\ﬁld-;:{.)) +

D (EUT A A+ )+ (O L+ u)) ) +
(—mE (P UP 5 (1 — 42)e™) + mp (PN UP 5 (1 4 4°)e™) +

1+ ""5)!/"‘"') m! (eA[TEEPTh (1 — "‘f‘S).UH' — %LH(J/)‘J/)‘) - % U H(e)‘e)‘) +

— % ”{'I p0(EMBeN) — L J/,\ ME (1 — ~v5)0,. — 1 i ML (1 — ~v5)o +

pt (—mly (17 Cran (1 — ~ ")d*“) + (uj‘C’,\h(l +~°)dy) +

H (md(d)‘f 144 “’)u"‘) —m '(d’-\C}T\H(l — ° )u ) _amy H(u)‘u)‘) g de(d)‘d’\) +

2 M 2 M
A

?QTH()U(UA,\ ,u}\) . %m_d )U(d)\ _)dA)




" full SM lagrangian
= Majorana mass terms for right-hanoed neutrinos

" gravitational § cosmological terms coupled to matter

> EH actlon with a cosmological term

N topological terme velated to euler chavacteristic of ST
s manifold




the model Lives naturally at unification scale

o e NCC spectral action provides early universe mooels

extrapolations to lower energies: vin renormalisation group analysis

extenslons to recemt universe: constoering nonperturbative effects
Ln the spectral action




phienonenolog

" number of fundamental fermions is 16
algebra of the finite space is [Ny EREPVEN
corvect representations of fermions w.r.t EUOEEUORIAe
higos doublet and SSB wmechanism

mass of top quark of around 179 Gev

see-saw mechanism to give very light Left-handed Vs

" mass of higgs fleld n zeroth order approximation of spectral
action Ls around 170 GevV
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GOV EOELONS to eLSteLn/s equat’wms

nelson, sakellariadow, PRD §1 (2010) OS5038




bosonic action tn euclidean stgnature
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minimal
coupling

N < color
e MAaSS term

cosmologieal term
v
tooLochaL thus nondynamical

R =3 s RR




from bosonic action, consider the gravitational part including
coupling between Higgs fleld and Ricel curvature

equations of motion

\"1 L AL Ll
|:}( el —|_( Fi\rﬁf}hh:|_ "L}[J'n““rlj'tlltt’rfl

nelson, sakellariadow, PRD §1 (2010) OS5038
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corrections to elnsteln’s egs. will be apparent at
Leading order, only tn anisotropic models

blonchi V

g = diag |—1,{a1(t)

arbitrary functions




same order as
standard EH term,
but o 12

so it vawnlishes for
howogeneous types
of bianchi v

A;(t) = Ina,(t)

for slowly varying
ft/umctio ns: small
corvectlons

nelson, sakellariadow, PRD §1 (2010) OS5038




same oroler as
standaro eH term,
but X n2

so Lt vanlshes ‘]COV ~A1Ay — A3As — A3A; — Ap — Ay — As + 3}
DN O T Pes

of bianchi v neglecting nonminimal coupling between
: geometry and higgs field, NCG corrections

Az(t) — In Clz'(t) to elnsteln's eqs. are present only tn
: mhomogeweous avw{ amsotropw spaae—tumes
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or slowly varuin N 1 <
f Wiy VArging o U_A,H_l)
functions: small 2\«
covvectlons

nelson, sakellariadow, PRD §1 (2010) OS5038




at energles approaching higos seale, the nonminimal coupling of
higgs fleld to curvature cannot be neglected

e.0.m. (neglecting contormal term, for sbmplicity):

RHY _ %(] MY po hz 1 S al%

0 W Tnf]_ atter

the effect of a nonzero higgs field Ls to create an
effective gravitational constant

nelson, sakellariadow, PRD §1 (2010) OS5038




O\OVEEaiELonal Waves t NC&

welsom, ochoa, sakellariadou, arXiv:1005.427&

welsom, ochoa, sakrellariadou, PRL 105 (2010) 101602




weak Limit of NCG gravitational theory shows:

" QW are only sourced from systems with nontrivial
quadvupole moment (as in GR)

(due to energy momentum conservation)

" propagation of GW Ls significantly altered, by the
presence of additional massive moodes




perturoations:

energy lost to gravitational vadiation
by orbiting clreular binaries:

strong deviations from qR at

the thea@ has a vx/ammL{r@qmemg scale ﬁc ~ C(— Oé()G)_l

scale at which NC& effects become dominant ; !

/ / 327G oy
binaries must have w < W ~3f,

for oy — 0 grR cannot ve reproduced ) — 1072




energy lost to gravitational radiation should agyree
with gr prediction within observational wncertainties

PSR JO737-3039 3>

PSR J1012-5307 3> 704 x 1014
PSR J1141-6545 | 3> 3.90 x 10713
PSR B1913416 3> 9230x%x 1013
PSR DB1534+12 3> 1.83 x 10~13
PSR B2127+11C | 8> 230 x 1013

future observations of rapidly orbiting binaries, relatively close to the
earth, could improve this constraint by manyy orders of magnitude

amplitude of effects is proportional (1 —2w/cf) ™!




nlation Barowsi the o bnimal conpling,
OeEweens tne oepyietri ool tneitoio)s elo.

nelson, sakellariadow, PLB L0 (2009) 263

buck, fairbairn, sakellariadow, PRD £2 (2010) 043509




proposal: the scalar field of the SM, the higgs fleld, could
play the role of the inflaton

but

within GR cosmology, to get the correct amplitude of
density perturbations, the higgs mass would have to be 11
orders of magnitude higher thaw its particle physics value




11‘1} ~125.7354
1

m, ~ 125.7349

2x10"

tfor each value of
Myop there is a value
o Mlhiges where

‘/eff [S on the VEerge
of developing a
MEEASEAOLE minimiim
at large values of @

and Vhl ggs LS
locally flattened




appmacl/\:

" caleulate the renormalisation of the higgs self-coupling

" construct an effective potential which fits the renormalisation
group improved potentinl around the flat region

for inflation to occur via the higgs fleld, the top quark wmass
fixes the higgs mass extremely accurately
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€ wneeds to be too small to
Sl 7Low for suffictent e-folds,
A andl thew T/ becomes too La roe
to fit the CM®B constraint




N

1/4 | ‘POtBVLtiDlL LA
(V*/E*) _ units of K

4

for mintmal
coupling

L . . . . 1
171.2 1714 1716 1718 1720 1722

171.3 ._.{"?1_4 1715 171.6 171.7 171.8 1719 172 1
: m (GeV)
maximum value of the flrst slow-roll

paraveter at horizown crossing for
mintmal coupling







could & be away from its conformal value?

there are no nonconformal values for the coupling £ for which
there Ls a renormalisation group flow towards the conformal
value as one runs the SM parameters up tn the energy seale

buchbinder, odintsov, lichtzier (1959)

Youngsoo Yoon, Yongsung Yoon (1997)

|

there are no gquantum corvections to &, i it is exactly
conformal at some energy scale




remarke

, , . 4
what about conventional cosmological models with §~ 10" ;
vezrukov, shaposhnikov (2008)

" effective theory censes to be valid beyond cut-off seale mpy / &

while one should know the higgs potential profile for fleld

values relevant for inflation, namely myp, / £
burgess, lee trott (2009)
barbon, espinosa (2009)

= models with large nonminimal coupling are also ruled out
because of unitarity vielation

atkins, calmet (2010)




can we accommodate an iwflationary era without
Lntroducing (by hand) a scalar field?

the arbitrary mass seale in the spectral action for the Dlrac
operator can be made dynamical by introducing a dilaton fleld,
which guarantees the scale nwvariance of the SM lnteractions,
and provides a mechanism to generate mass hierarchies

chamseddine and connes (200&)

could this dilaton field play the role of the inflaton?

buck, sakellariadou (In progress)
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